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We study longitudinal transport in Weyl semimetal nanowires, both in the absence and in the
presence of a magnetic flux threading the nanowires. We identify two qualitatively different regimes
of transport with respect to the chemical potential in the nanowires. In the “surface regime”, for low
doping, most of the conductance occurs through the Fermi-arc surface states, and it rises in steps of
one quantum of conductance as a function of the chemical potential; furthermore, with varying flux
the conductance changes in steps of one quantum of conductance with characteristic Fabry-Pe´rot
interference oscillations. In the “bulk-surface regime”, for highly-doped samples, the dominant
contribution to the conductance is quadratic in the chemical potential, and mostly conditioned
by the bulk states; the flux dependence shows clearly that both the surface and the bulk states
contribute. The two aforementioned regimes prove that the contribution of Fermi arc surface states
is salient and, therefore, crucial for understanding transport properties of finite-size Weyl semimetal
systems. Last but not least, we demonstrate that both regimes are robust to disorder.
In 1929 the German mathematician and theoretical
physicist Hermann Weyl proposed massless solutions of
the Dirac equation,1 the so-called “Weyl fermions”.2 He
demonstrated that in the absence of a mass term, the
Dirac equation decoupled into two independent ones, also
known as Weyl equations, each describing fermions of a
given chirality, right or left. Despite numerous theoretical
predictions,3–8 it was not until 2015 that Weyl fermions
were first observed as the low-energy excitations in TaAs9
and NbAs.10
Several decades ago Nielsen and Ninomiya showed that
for continuous and periodic Hamiltonians with real spec-
tra right and left chiralities are always bound to ap-
pear together.11 Hence, a minimal low-energy model
for Weyl fermions must embody both chiralities, and
the numbers of particles with right and left chiralities
must be equal. The low-energy Weyl fermions of a
given chirality λ = ±1 disperse linearly with momen-
tum, E2λ = v
2
[
p2x + p
2
y + (pz − λp0)2
]
, with group veloc-
ity v and band touching points (0, 0,±p0) referred to as
“Weyl points” or “Weyl nodes”, chosen without loss of
generality to be along the pz axis. In three dimensions
the density of states of such quasiparticles grows quadrat-
ically with energy, while their group velocity is constant,
and therefore, the bulk semiclassical conductance of Weyl
semimetals G ∝ µ2, where µ is the chemical potential of
the sample, versus G ∝ µ3/2 in ordinary metals.
Apart from this peculiar bulk property, Weyl semimet-
als are also known for their surface states — Fermi arcs.
The contribution of these states to the transport proper-
ties of nanowires made of Weyl semimetals was consid-
ered both experimentally in Ref. [12] and theoretically in
Refs. [13–19]. The experimental work mostly focuses on
measuring the Shubnikov–de Haas effect, whereas the-
oretical papers contain semiclassical calculations of the
conductance in different regimes.
In this paper, we show that despite being three-
dimensional per se, Weyl semimetal nanowires may con-
duct only through the Fermi-arc surface states. In or-
der to demonstrate the latter, we calculate both ana-
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Figure 1. Weyl semimetal nanowires: (left) a slab of length L
with square cross-sectionW×W ; (right) a cylinder of length L
and radius R. For convenience, we use the slab for numerical
simulations, whereas for analytical calculations we employ the
cylinder.
lytically and numerically the zero-bias conductance of
Weyl semimetal nanowires (see Fig. 1), taking into ac-
count the contribution of the Fermi-arc surface states.
We focus on studying transport properties of samples in
which the transverse dimension of the system W is, on
one hand, much larger than the Fermi-arc localization
length, but on the other hand, sufficiently small in order
to resolve in energy the confinement gap appearing at
the band touching points for the bulk states. The con-
ditions above ensure spatial separation of the bulk and
the surface states, as well as experimental accessibility
of the proposed regime.20–24 We show that depending
on the chemical potential in the sample there exist two
qualitatively different regimes of conductance: “surface
regime” and “bulk-surface regime”. In the latter the con-
ductance of the nanowire is conditioned both by the bulk
and by the surface states, and it grows quadratically with
the chemical potential, showing the expected hallmark of
three-dimensional linearly-dispersed electrons. Surpris-
ingly, in the former regime the nanowire shows effective
one-dimensional behavior, and the conductance grows in
steps of conductance quanta. We explain such a remark-
able feature by showing that in finite-size Weyl semimetal
systems there is always a window of energies, defined by
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2the bulk confinement gap, where only surface states ex-
ist. This inherent feature may serve as a strong evidence
of the presence of the Fermi-arc surface states. Further-
more, we study how the conductance is modified by mag-
netic flux penetrating the wire, and we demonstrate that
in the surface regime it changes in steps of conductance
quanta with characteristic Fabry-Pe´rot interference oscil-
lations, whereas in the bulk-surface regime the changes
are not quantized. Last but not least, we investigate the
effects of weak and strong disorder on our results, and
we find both regimes to be robust and our conclusions
qualitatively unchanged.
Model.— In what follows we perform transport calcula-
tions both numerically and analytically. For the former,
we use the following cubic-lattice Hamiltonian adopted
from Ref. [25]:
Hlat = v [sin py σ˜x − sin px σ˜y] τ˜z + v sin pz τ˜y +
t
∑
i=x,y,z
(1− cos pi) τ˜x + vp0 σ˜z, (1)
where Pauli matrices σ˜ = {σ˜x, σ˜y, σ˜z} and τ˜ =
{τ˜x, τ˜y, τ˜z} act in spin and orbital subspaces, respec-
tively, t denotes the hopping amplitude and v parameter-
izes the low-energy velocity of Weyl fermions. We chose
the z direction to be the Weyl node separation axis with
positions of the nodes given by pz = ±p0. For the sake
of brevity we set ~ and the lattice constant a to unity,
restoring them in what follows if needed. Note also that
in all numerical simulations we chose v = 1, t = 2/
√
3.
This choice of parameters for the Hamiltonian in Eq. (1)
yields two Weyl cones of velocity v in the band structure,
localized at ±p0.
To perform analytical transport calculations we use a
low-energy model with a block-diagonal form in the chi-
rality subspace:
H = vpz σzτz − vp0 σzτ0 + v (pxσx + pyσy) τz, (2)
where σ = {σx, σy, σz} and τ = {τx, τy, τz} denote
Pauli matrices acting in orbital and chirality subspaces,
respectively. Since the Hamiltonian in Eq. (2) is diagonal
in the chirality subspace, for a given chirality λ = ±1 we
can write a 2×2 Hamiltonian as follows:
Hλ = λv [(pz − λp0)σz + pxσx + pyσy] . (3)
In order to provide better understanding of transport
properties of Weyl semimetal nanowires below we calcu-
late the band structures of wires infinite in the z direc-
tion with a finite cross-section in the x and y directions,
in the absence of magnetic field. For the lattice Hamil-
tonian in Eq. (1) it is sufficient to impose zero boundary
conditions (also known as open or hard-wall boundary
conditions), whereas for the Hamiltonian in Eq. (2) it is
necessary to derive boundary conditions, e.g., assuming
a large-gap insulator outside of the wire.26 We leave the
detailed derivation of boundary conditions to Appendix
A, presenting here the final result. We consider a cylin-
drical wire of radius R defined by x2 + y2 6 R2 and we
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Figure 2. Band structures computed numerically and ana-
lytically for a square slab of width W = 30 (left) and for a
cylindrical wire of radius R = 20 (right), correspondingly (see
Fig. 1). We chose p0 = ±1 for the positions of the nodes, and
level spacing is given by ∆E ≡ 2pi/4W ≈ 2pi/2piR = 0.05 t.
We assume that t = 1 eV.
seek the solution of the Schro¨dinger equation for a given
chirality HλΨλ = EλΨλ using the radial symmetry of
the problem with the following ansatz
Ψλ(r, φ, z) =
(
ρλ+(r)e
i(m−1)φ
ρλ−(r)e
imφ
)
eipzz, (4)
where m ∈ Z denotes the angular momentum quantum
number, and pz is the good momentum in the z direction.
Radial functions ρλ± are defined as follows
ρλ−(r) = Jm (αr) , (5)
ρλ+(r) =
iλα
λ(pz − λp0)− Eλ/vJm−1 (αr) , (6)
where α ≡ √E2λ/v2 − (pz − λp0)2, Jm(. . . ) is the m-th
Bessel function of the first kind. The boundary condition
thus reads [
ρλ−(r)− iλρλ+(r)
] ∣∣∣
r=R
= 0. (7)
The equation above yields the allowed energies for given
values of m and pz, hence defining the band structure of
an infinite Weyl nanowire. Note that since chiralities are
decoupled in Eq. (2), the boundary condition does not
mix chiralities either.
In Fig. 2 we plot band structures obtained numeri-
cally for a square cross-section slab and analytically for
a cylinder (see Fig. 1). Nearly flat bands on both pan-
els represent Fermi-arc surface states with characteristic
localization length `0 ≡ ~/2p0.26 It is worth noting that
in the window of energies |E| . 0.175 t only surface so-
lutions exist, whereas bulk solutions are gapped out due
to finite-size effects. The existence of such a window is
conditioned by the relation between confinement gaps for
the surface and the bulk states, namely, ∆surf < ∆bulk.
Such a salient discrepancy stems from geometrical fac-
tors: indeed, the wave functions of the surface states
are confined to a thin layer defined by the circumference
of the cross-section of the wire, i.e., 4W for a slab and
32piR for a cylinder. The bulk states, however, have a
smaller confinement length, namely, W for a slab or 2R
for a cylinder. Hence the bulk confinement gap is larger
than the surface one: ∆bulk = ~v/W or ∆bulk = ~v/2R
versus ∆surf = ~v/4W or ∆surf = ~v/2piR, correspond-
ingly. Therefore, we conclude that, remarkably, the win-
dow of energies with only surface solutions always exists
in finite-size Weyl semimetal systems.
Conductance.— Below we compute the zero-bias con-
ductance of the nanowire both analytically, via the trans-
fer matrix approach,27–29 and numerically, using the
Kwant package.30 Thus, we vary the chemical potential
µ and the longitudinal magnetic field B, while calculat-
ing G(µ,B) = limV→0 I/V , where V is the bias, and I
is the current flowing through the wire. The analytical
approach was described thoroughly in Refs. [27–29], thus
we leave the details of the calculation to Appendix C.
We model the leads attached to the wire using the ex-
act same Hamiltonians given in Eqs. (1) and (2), taken at
the chemical potential µ∞ large enough to emulate metal-
lic electrodes. In practice, it means that in the analyti-
cal low-energy model µ∞ is taken to be larger than any
other energy scale, whereas in the lattice model it must
be smaller than the bandwidth, and should be chosen to
yield the largest possible number of scattering states at
E = µ∞ in the lead. Eventually µ∞ drops out of all
physically meaningful quantities such as, e.g., conduc-
tance. We note also that analytically computed curves
coincide with those obtained numerically, thus to avoid
redundancy we restrict ourselves to presenting here only
the numerical data, while leaving the analytical data to
Appendix G.
In Fig. 3 we plot the conductance of the wire in the
units of the conductance quantum G0 ≡ e2/h as a func-
tion of the chemical potential µ in the sample, for fixed
values of the magnetic flux penetrating the wire, namely
for Φ/Φ0 ∈ {0, 1/4, 1/2, 1}, where Φ0 ≡ h/e is the quan-
tum of flux. We start by considering the case of zero flux,
Φ = 0. It is worth noting that there are two qualita-
tively different regimes of conductance: “surface regime”
and “bulk-surface regime”. In the surface regime trans-
port occurs mainly through Fermi-arc surface states, with
the characteristic feature being the conductance rising
in steps of G0 (see the inset in Fig. 3). This peculiar
property can be elucidated as follows. The dispersion of
the surface states is effectively one-dimensional, i.e., their
energy depends only on one of the two good momenta
on the surface. Therefore, the transport properties of
the surface bands are similar to those of one-dimensional
quantum wires (cf. Landauer formula31), and hence the
conductance increases by G0 every time the chemical po-
tential crosses a new surface band. The range of chemical
potentials for the surface regime is defined by the finite-
size gap, which in its turn is ∝ ~v/R, where R is the
radius of the wire.32
Below we turn to the case of Φ 6= 0. In the absence
of a Zeeman term, there are two main effects of the ap-
plied magnetic field on the band structure. First, the
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Figure 3. Conductance of a Weyl semimetal slab G in units
of the conductance quantum G0 plotted as a function of the
chemical potential µ in units of the hopping amplitude t, for
four different values of the magnetic flux Φ. Surface regime of
conductance occurs at chemical potentials µ . 0.175 t, where
the curve shows steps of G0 characteristic of one-dimensional
systems. Contrary to that, for higher values of the chemical
potential, we enter the bulk-surface regime with µ2 depen-
dence characteristic of three-dimensional linearly-dispersed
electrons. Inset: conductance steps in the surface regime
taken at Φ = 0. We can clearly see that the jumps on the
curve take place at those values where the chemical potential
crosses a new surface band (see Fig. 2). We added thermal
broadening of 0.002 t corresponding to T ≈ 23 K for t = 1 eV.
orbital effects lead to the formation of Landau levels,33
and second, all bands are shifted either down or up, de-
pending on whether the magnetic field is parallel to the
axis of the wire or antiparallel, respectively. The reason
for the latter is the fact that surface electrons have chiral
dispersion, and therefore, their quasiclassical motion at
the surface is clockwise or counterclockwise. Since the
magnetic field is applied perpendicular to the plane of
this motion, it either favors their motion or not, depend-
ing on the direction of the field. Thus, the more flux we
apply the more we shift the band structure.
Several salient features of the conductance curves in
Fig. 3 for nonzero values of flux are worth being dis-
cussed. First, it is clear that the shifts in the conduc-
tance curves for different values of flux are quantized in
the surface regime (modulo interference oscillations) and
irregular in the bulk regime. Such difference stems from
the fact that, as already mentioned earlier, in the surface
regime most of the transport is conditioned by the Fermi
arc states, which are localized in a thin layer of width
`0. Such localization ensures that all surface electrons
accumulate phases in a coherent manner. Contrary to
that, in the bulk-surface regime both the surface and the
bulk states are responsible for transport. The transverse
parts of the wave functions of the latter are localized at
different distances from the axis of the wire, thus making
distinct bulk states be affected by different values of the
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Figure 4. Conductance of a Weyl semimetal slab G in the
units of conductance quantum G0 plotted as a function of
the magnetic flux Φ in the units of the flux quantum Φ0.
On the left and right panels we chose µ = 0.1 t and µ = 0.4 t,
corresponding to the surface and bulk-surface regimes, respec-
tively (see Fig. 3). In the surface regime conductance changes
in steps of G0 modulo Fabry-Pe´rot interference oscillations,
whereas in the bulk-surface regime the changes are irregular.
flux. Such inhomogeneous influence of the magnetic field
explains “arbitrary” shifts of the conductance curves for
varying flux in the bulk-surface regime.
Finally, it is both of theoretical and experimental in-
terest to study how the conductance changes with the
applied flux at fixed values of the chemical potential in
the wire. Previously, we have identified two qualitatively
different regimes of transport depending on the chemical
potential. Thus, on the left and right panels in Fig. 4
we plot the flux dependence of the conductance with the
chemical potential fixed in the surface and bulk-surface
regimes, correspondingly.
First, we analyze the surface regime. As expected from
the previous subsection, changes in conductance in that
regime occur in steps of the conductance quantum mod-
ulo Fabry-Pe´rot interference oscillations stemming from
reflections from the leads. The origin of these oscilla-
tions is easy to corroborate: it is sufficient to reduce the
length of the wire by a factor of two, and verify that their
period doubles; we have checked that this is indeed the
case. Second, we turn to the bulk-surface regime. Here,
consistent with our antecedent findings, the conductance
does not change in regular steps of G0. However, since
the surface states still contribute to the transport, we can
still identify the aforementioned interference oscillations.
Last but not least, we have verified that our results
hold in the presence of disorder by modeling the lat-
ter as a random uniform onsite variation of the chem-
ical potential with amplitudes lying in [−Adis, Adis]. In
Fig. 5 we present conductance curves for disordered sam-
ples with disorder amplitudes ranging from Adis = 0.01
to Adis = 0.5. Average level broadening in the pres-
ence of such disorder can be estimated by Γ ≈ 13piA2dis.34
Thus, for Adis = 0.25 the level broadening Γ ≈ 0.065 t
becomes larger than the level spacing ∆E = 0.05 t. De-
spite very strong disorder, both aforementioned regimes
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Figure 5. Zero-flux conductance G/G0 of a disordered Weyl
semimetal slab as a function of the chemical potential µ, av-
eraged over 10 disorder realisations. Error bars are inten-
tionally omitted due to very small errors. We take uniformly
distributed delta-correlated disorder with maximum ampli-
tude Adis varying from Adis = 0.01 to Adis = 0.5. It is
clear that both regimes of conductance—surface and bulk-
surface—survive up to high disorder strengths. Inset: con-
ductance steps in the surface regime averaged over 50 disorder
realisations. It is clear that for weak disorder, i.e., such that
1
3
piA2dis . ∆E, the quantized conductance steps are robust.
All the curves are plotted with thermal broadening of 0.002 t
corresponding to T ≈ 23 K, assuming t = 1 eV.
of conductance remain qualitatively unaffected. The sur-
face regime is robust due to the fact that the dispersion of
the Fermi-arc surface states is effectively one-dimensional
and chiral, and thus bereft of backscattering.
Discussion and conclusions.— Above we have stud-
ied the longitudinal (magneto-)conductance of Weyl
semimetal nanowires. First, we have found that de-
pending on the chemical potential in the wire there ex-
ist two qualitatively different regimes of transport: sur-
face regime and mixed bulk-surface regime. In the for-
mer only the Fermi-arc surface states conduct, giving
rise to quantized conductance steps, characteristic for
one-dimensional physics. Contrary to that, in the bulk-
surface regime both the surface and the bulk states par-
ticipate in transport, yielding the expected G ∝ µ2 de-
pendence. Furthermore, we have investigated how the
conductance varies with the magnetic flux penetrating
the wire at fixed values of the chemical potential; we
have shown that if the chemical potential is tuned to be
in the surface regime, then there are regular jumps of one
conductance quantum with characteristic interference os-
cillations, whereas in the mixed bulk-surface regime the
conductance changes irregularly with the increasing value
of the magnetic flux.
Despite being obtained for a particular model of a Weyl
semimetal, our results can be generalized and applied
to a broader range of models, both for Weyl and Dirac
semimetals (see, e.g., transport experiments in Ref. [35]).
First, depending on the symmetries of a given mate-
5rial, realistic Weyl/Dirac semimetals may contain mul-
tiple pairs of Weyl cones at low energies, including spin-
degenerate ones. Qualitatively, this may lead to higher
conductance values, however, further investigations with
more realistic models are required to corroborate this hy-
pothesis. Moreover, for a Dirac semimetal with nonzero
node separation in the presence of spin the height of the
quantized conductance steps will double due to the spin
degeneracy of the cones. It is worth discussing also the
case of time-reversal invariant Weyl semimetal nanowires.
In that case we have two pairs of cones in the Brillouin
zone. If both pairs of cones are separated in the z direc-
tion, they generate two sets of Fermi-arc surface states
related by time-reversal symmetry. An applied magnetic
flux shifts some of these states up in energy, whereas their
time-reversal counterparts are shifted down. Thus, as a
function of the flux the confinement gap closes and re-
opens periodically, and therefore, in this case the analog
of the left panel of Fig. 4 will be periodic in flux, resem-
bling the response of topological insulator nanowires.36
Our results can be tested experimentally with rel-
atively thin nanowires made of, e.g., TaAs, NbAs,
TaP, NbP, GdPtBi, Co3Sn2S2, etc., such that the con-
finement gap is sufficiently large to be resolved in
energy.9,10,37–40 Note also that realistic wires made of
topological semimetals are generally larger than those
considered in our work. For instance, in Refs. [20–24] the
radii of the nanowires lie in the range of 30 to 200 nm,
and the Fermi-arc localization length is of the order of
1 nm. To facilitate numerical simulations, our nanowires
were taken to be approximately 10 times smaller than
realistic ones, which means that in realistic systems the
surface regime will occur in a smaller range of chemical
potentials, namely µ . 10 meV. While such small en-
ergies require higher resolution to be observed in larger
samples, our theoretical conclusions will remain quali-
tatively unchanged. Furthermore, in our geometry one
quantum of flux through the wire is equivalent to having
a magnetic field of ≈ 50 T. In realistic wires one quantum
of flux is achieved at smaller values of the magnetic field
due to a larger cross-section area.
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Appendix A: Derivation of boundary conditions
In order to derive boundary conditions for a cylindrical Weyl nanowire we follow Okugawa and Murakami.26 The
approach is based on modeling the vacuum outside of the wire as an insulator with a gap ∆∞ larger than all the other
energy scales in the system, or formally, ∆∞ → −∞. Thus, the system can be described by the following Hamiltonian
Hλ =

(
λ(vpz − λ∆) λv(px − ipy)
λv(px + ipy) −λ(vpz − λ∆)
)
for r < R,(
λ(vpz − λ∆∞) λv(px − ipy)
λv(px + ipy) −λ(vpz − λ∆∞)
)
for r > R,
(A1)
with R being the nanowire radius, and λ the given chirality. We also denoted ∆ ≡ vp0, where p0 controls the positions
of the Weyl nodes along the pz axis. Rewriting px ± ipy in polar coordinates as −i~e±iφ
[
∂r ± ir∂φ
]
and using the
radial symmetry of the problem, we employ an exponentially decaying ansatz for the wave function of a given chirality
outside of the nanowire:
Ψλ(r, φ) ∼
(
ρλ+(r)e
i(m−1)φ
ρλ−(r)e
imφ
)
e−κλ(r−R),
where κλ ≡
√
(vpz − λ∆∞)2 − E2/v > 0 since ∆∞ → −∞. Inserting the ansatz above into the Schro¨dinger equation
defined by the Hamiltonian in Eq. (A1), we get:
λ(vpz − λ∆∞)ρλ+ − iλv
[
∂r +
m
r
−
√
(vpz − λ∆)2 − E2/v
]
ρλ− = Eρ
λ
+
−iλv
[
∂r − m− 1
r
−
√
(vpz − λ∆∞)2 − E2/v
]
ρλ+ − λ(vpz − λ∆∞)ρλ− = Eρλ−
We apply the limit of ∆∞ → −∞ to both equations above, and we end up with
ρλ+ + iλρ
λ
− = 0
iλρλ+ − ρλ− = 0.
To have a non-trivial solution of the system above, we must satisfy ρλ+ + iλρ
λ
− = 0, which in turn defines the boundary
condition connecting radial parts of the wave function at r = R in the limit of infinitely large |∆∞|:
ρλ−(R)− iλρλ+(R) = 0 (A2)
7Appendix B: Weyl nanowire Band structure
Below we consider a Weyl wire oriented along the z axis. We use the Hamiltonian in Eq. (2) and we introduce
the magnetic field along the z direction (i.e., along the line connecting the Weyl nodes) using the symmetric gauge:
A = B (−y, x, 0) /2, therefore B = rotA = Bnˆz. Peierls substitution thus gives
H =
 v(pz − p0) v(pix − ipiy) 0 0v(pix + ipiy) −v(pz − p0) 0 00 0 −v(pz + p0) −v(pix − ipiy)
0 0 −v(pix + ipiy) v(pz + p0)
 (B1)
where pix = px − eBy/2, piy = py + eBx/2 with the electron charge given by −e, e > 0. It is also of use to rewrite this
Hamiltonian in cylindrical coordinates using
pix ± ipiy = −i~e±iφ
[
∂r ± i
r
∂φ ∓ eB
2~
r
]
, pi2x + pi
2
y = −~2
[
∂2r +
1
r
∂r +
1
r2
∂2φ
]
− i~eB∂φ + e
2B2
4
r2
as well as to compute the commutator
[pix, piy] = [px − eBy/2, py + eBx/2] = eB
2
[px, x]− eB
2
[y, py] = −i~eB.
To solve the Schro¨dinger equation we first note that problems for different chiralities are independent, therefore, we
can rewrite it in a 2×2 simplified form with chiralities λ = ±1:
Hλ = λv(pz − λp0)σz + λv(pixσx + piyσy). (B2)
Equivalently in cylindrical coordinates:
Hλ =
(
λv(pz − λp0) −iλ~v e−iφ
[
∂r − ir∂φ + eB2~ r
]
−iλ~v e+iφ [∂r + ir∂φ − eB2~ r] −λv(pz − λp0)
)
(B3)
We square the Hamiltonian and we get(
v2(pz − λp0)2 + v2(pi2x + pi2y + ~eB) 0
0 v2(pz − λp0)2 + v2(pi2x + pi2y − ~eB)
)
Ψλ = E
2
λΨλ, Ψλ =
(
ψλ+
ψλ−
)
For each component of the wave function we have:[
−~2
[
∂2r +
1
r
∂r +
1
r2
∂2φ
]
− i~eB∂φ + e
2B2
4
r2 + σ~eB + (pz − λp0)2 − E2/v2
]
ψλσ = 0. (B4)
We use the following ansatz ψλσ = ρ
λ
σ(r)e
i(m−Θ(σ))φeipzz (where Θ is the Heaviside step function), and we get:[
−~2
[
∂2r +
1
r
∂r − (m−Θ(σ))
2
r2
]
+ ~eB(m−Θ(σ)) + e
2B2
4
r2 + σ~eB + (pz − λp0)2 − E2/v2
]
ρλσ(r) = 0. (B5)
Below we solve Eq. (B5) above in two different cases: B = 0 and B 6= 0.
1. Zero magnetic field
At B = 0 Eq. (B5) simplifies to[
−~2
[
∂2r +
1
r
∂r − (m−Θ(σ))
2
r2
]
+ (pz − λp0)2 − E2/v2
]
ρλσ(r) = 0. (B6)
We should also keep in mind that ρλσ(r) are coupled via(
λ(pz − λp0) −iλ~
[
∂r +
m
r
]
−iλ~ [∂r − m−1r ] −λ(pz − λp0)
)(
ρλ+(r)
ρλ−(r)
)
=
E
v
(
ρλ+(r)
ρλ−(r)
)
. (B7)
8As long as E2/v2 − (pz − λp0)2 6= 0, we can write a solution as
ρλ−(r) = Jm
(√
E2/v2 − (pz − λp0)2 r/~
)
, (B8)
ρλ+(r) =
iλ
λ(pz − λp0)− E/v
√
E2/v2 − (pz − λp0)2Jm−1
(√
E2/v2 − (pz − λp0)2 r/~
)
, (B9)
where Jm stands for the m-th Bessel function of the first kind. The corresponding normalisation constant can be
found with the help of the integral
R∫
0
rJ2m (αr) dr =
R2
2
[
J2m (αR) + J
2
m+1 (αR)
]− mR
α
Jm (αR) Jm+1 (αR) .
2. Nonzero magnetic field
In Eq. (B5) we perform a change of variable as follows ξ = eBr2/2~ ≡ r2/2`2B :{
ξ∂2ξ + ∂ξ +
[
−ξ
4
+
E2/v2 − (pz − λp0)2 − σ~eB
2~eB
− m−Θ(σ)
2
− (m−Θ(σ))
2
4ξ
]}
ρ˜λσ(ξ) = 0.
Below we set ~ = 1 for the sake of simplicity. We use the two asymptotic limits of ξ → ∞ and ξ → 0 to build up a
general solution, and we find
ρ˜λσ(ξ) = C˜mσe
− ξ2 ξ
|m−Θ(σ)|
2 1F1
[
1 +m−Θ(σ) + |m−Θ(σ)|
2
− E
2/v2 − (pz − λp0)2 − σeB
2eB
, 1 + |m−Θ(σ)|, ξ
]
,
where 1F1(a, b, z) is the confluent hypergeometric function of the first kind, and C˜mσ is a normalisation constant.
Returning back to the original variable:
ρλσ(r) = Cmσ e
− eBr24 r|m−Θ(σ)| 1F1
[
1 +m−Θ(σ) + |m−Θ(σ)|
2
− E
2/v2 − (pz − λp0)2 − σeB
2eB
, 1 + |m−Θ(σ)|, eBr
2
2
]
.
It is worth noting that only one of the components of the wave function can be described by this expression. The
other component should be found consistently using the original Schro¨dinger equation HλΨλ = EΨλ. We choose here
to express up to a normalisation constant the radial part of the lower component of the wave function:
ρλ−(r) = Cm−e
− eBr24 r|m| 1F1
[
1 +m+ |m|
2
− E
2/v2 − (pz − λp0)2 + eB
2eB
, 1 + |m|, eBr
2
2
]
. (B10)
Next step is to find the upper component of the wave function using the lower one given by Eq. (B10). To do so we
use the initial Schro¨dinger equation HλΨλ = EΨλ, where we insert
Ψλ =
(
ρλ+(r)e
i(m−1)φ
ρλ−(r)e
imφ
)
eipzz (B11)
and we get (
λ(pz − λp0) −iλ~
[
∂r +
m
r +
eB
2 r
]
−iλ~ [∂r − m−1r − eB2 r] −λ(pz − λp0)
)(
ρλ+(r)
ρλ−(r)
)
=
E
v
(
ρλ+(r)
ρλ−(r)
)
.
We use the equation above to express ρ+(r) in terms of found above ρ−(r):
ρλ+(r) =
iλ
λ(pz − λp0)− E/v
[
∂r +
m
r
+
eB
2
r
]
ρ−(r),
for E/v 6= λ(pz − λp0). This very special case is never realized in finite-size samples. Thus, we get for m > 0:
ρλ+(r) =
2iλ
λ(pz − λp0)− E/v e
− eBr24 rm−1
{
m 1F1
[
m− E
2/v2 − (pz − λp0)2
2eB
, 1 +m,
eBr2
2
]
+
+
eBr2
2
m− E2/v2−(pz−λp0)22eB
1 +m
1F1
[
1 +m− E
2/v2 − (pz − λp0)2
2eB
, 2 +m,
eBr2
2
]}
9and
ρλ+(r) =
iλ
2
(λ(pz − λp0) + E/v) 1
1−me
− eBr24 r1−m 1F1
[
1− E
2/v2 − (pz − λp0)2
2eB
, 2−m, eBr
2
2
]
for m 6 0. Using the boundary conditions in Eq. (A2), we can calculate the bands in the presence of the magnetic
field.
Appendix C: Conductance of a cylindrical wire: transfer matrix approach
1. Defining scattering states
In order to compute the transfer matrix of the wire, we start by defining the scattering states of the problem. We
model the leads by means of the same Hamiltonian as the wire
Hλ = λv(pz − λp0)σz + λv(pxσx + pyσy), (C1)
taken at a value of the chemical potential µ∞ larger than any other energy scale of the system, and we normalise the
scattering states in such a way that they carry unit current in the z-direction. We note that regardless of whether we
have or do not have a magnetic flux penetrating the wire, we set the magnetic field in the leads to zero, in order to
simplify the calculation. Thus, to compute the scattering momenta we solve the following equation:
Jm
(√
µ2∞/v2 − (pz − λp0)2 R
)
+
√
µ2∞/v2 − (pz − λp0)2
λ(pz − λp0)− µ∞/v Jm−1
(√
µ2∞/v2 − (pz − λp0)2 R
)
= 0, (C2)
which defines a set of momenta pz =
{
pi∞, i ∈ 1, 2N
}
, to which we will henceforth refer to as “scattering momenta”.
We denoted the total number of scattering momenta as 2N , because each chirality yields an equal number of scattering
momenta. Indeed, Eq. (C2) is symmetric under changing pz → −pz and simultaneously changing λ→ −λ. Knowing
the scattering momenta, we can define a basis of scattering states:
Ψim(r, φ, z) =

C+i

ρ++(r)e
i(m−1)φ
ρ+−(r)e
imφ
0
0
 eipi∞z for pi∞ coming from the positive chirality cone,
C−i

0
0
ρ−+(r)e
i(m−1)φ
ρ−−(r)e
imφ
 eipi∞z for pi∞ coming from the negative chirality cone,
(C3)
where ρλ± are defined in Eqs. (B8) and (B9). In what follows, we order and normalize the scattering states in such a
way that the first and the last N states are right- and left-movers, respectively, yielding all unit currents, +1 and −1,
correspondingly. The current operator is defined as jˆz = v σz ⊗ τz (hereinafter for the sake of brevity we will omit
the tensor product ⊗). Chirality structure of the states in Eq. (C3), as well as the angular parts and plane waves in
the z-direction ensure that scattering states with different chiralities, scattering momenta and angular momenta are
automatically orthogonal to each other. Thus, to ensure that the states carry unit current for a given chirality we
need to satisfy: ∣∣∣∣∣∣ 2pi︸︷︷︸
angles
× λv︸︷︷︸
current
× ∣∣Cλi ∣∣2 R∫
0
rdr
(∣∣ρλ+(r)∣∣2 − ∣∣ρλ−(r)∣∣2)
∣∣∣∣∣∣ = 1, (C4)
which yields:
∣∣Cλi ∣∣ = {2piv ∣∣∣∣α2iγ2i I1 (m− 1, αi, αi, R)− I1 (m,αi, αi, R)
∣∣∣∣}−1/2 , (C5)
where we defined αi ≡
√
µ2∞/v2 − (pi∞ − λp0)2, γi ≡ λ(pi∞ − λp0)− µ∞/v, and the function I1(m,α, β,R) is defined
in Appendix D.
10
Below we define the transverse part of the scattering states that will be consequently used to find the transfer
matrix. Thus, uniting both chiralities to simplify notation, we define:
Φim(r, φ) = C
λ
i

1+λ
2 ρ
+
+(r)e
i(m−1)φ
1+λ
2 ρ
+
−(r)e
imφ
1−λ
2 ρ
−
+(r)e
i(m−1)φ
1−λ
2 ρ
−
−(r)e
imφ
 or Φλim(r, φ) = Cλi (ρλ+(r)ei(m−1)φρλ−(r)eimφ
)
. (C6)
2. Transfer matrix approach
We define a basis of scattering states
{Ψ1m,Ψ2m . . .ΨN m,ΨN+1mΨN+2m . . .Ψ2N m}
and order the states in such a way that the first N states are right-movers carrying unit currents from left to right,
and the last N states are left-movers carrying unit currents from right to left. We can write this formally in terms of
the transverse parts as
R∫
0
rdr
2pi∫
0
dφ Φ†im(r, φ) · v σzτz · Φjm′(r, φ) = Dijδmm′ , where i, j ∈ 1, 2N and m,m′ ∈ Z. (C7)
In the equation above Dij is a diagonal 2N × 2N matrix defined as follows:
D ≡ ||Dij || = diag(+1 + 1 · · ·+ 1︸ ︷︷ ︸
N
−1 − 1 · · · − 1︸ ︷︷ ︸
N
).
We introduce the magnetic field parallel to the z direction into the sample and we write down the Schro¨dinger
equation for the wave function in the sample:
[vpz σzτz −∆σzτ0 + v (pixσx + piyσy) τz − µσ0τ0] Ψ(r, φ, z) = 0.
We can represent the wave function in the basis of the scattering states Φim(r, φ) defined above:
Ψ(r, φ, z) =
∑
jm′
ζjm′(z)Φjm′(r, φ), where ζjm′(z) ≡
R∫
0
rdr
2pi∫
0
dφ Φ†jm′(r, φ)Ψ(r, φ, z).
We multiply our equation by Φ†im(r, φ) from the left, and we integrate it over all radii and angles:
R∫
0
rdr
2pi∫
0
dφ
∑
jm′
Φ†im(r, φ)
[
vpz σzτz −∆σzτ0 + v (pixσx + piyσy) τz − µσ0τ0
]
Φjm′(r, φ)ζjm′(z) = 0.
Thus we get: ∑
jm′
Dijδ
mm′pzζjm′(z) + δ
mm′Umij ζjm′(z) = 0 ⇒
∑
j
Dijpzζjm(z) + U
m
ij ζjm(z) = 0,
where we denoted
Umij =
R∫
0
rdr
2pi∫
0
dφ Φ†im(r, φ)
[
−∆σzτ0 + v (pixσx + piyσy) τz − µσ0τ0
]
Φjm(r, φ).
The exact analytical expression for the matrix Um ≡ ||Umij || is calculated in Appendix E. The equations above show
that there is no term mixing between different states with m and m′ while they propagate through the sample,
therefore, we can compute the transfer matrix for channel m, and then sum up corresponding conductances over all
relevant values of m. In order to simplify further calculations, we introduce a vector
~ζm(z) ≡ (+ζ1m(z) · · ·+ ζN m(z) − ζN+1m(z) · · · − ζ2N m(z) )T
11
and, replacing pz → −i~∂z, rewrite the equation above as
∂z~ζm(z) +
i
~
U˜m~ζm(z) = 0,
where U˜m ≡ Um ·D. Assuming that L is the length of the scattering region, we find the transfer matrix as matrix
exponential in the following form:
Tm = exp
{
− i
~
U˜mL
}
. (C8)
We must ensure that this expression is current-conserving, i.e., T †m · D · Tm = D. The latter is easy to verify using
the definition of the matrix exponential and mathematical induction, and we leave this proof to Appendix F.
Finally, to find the conductance we use the Landauer formula. The transfer matrix for a given channel m is a
2N × 2N matrix of the following form41
Tm =
( (
t†m
)−1
r′m (t
′
m)
−1
− (t′m)−1 rm (t′m)−1
)
, (C9)
where tm and t
′
m are the transmission matrices from left to right and right to left, respectively, and rm and r
′
m are
the corresponding reflection matrices. Thus, the transmission matrix tm is an N ×N matrix, and can be defined as
follows using the transfer matrix in Eq. (C8):
(
t†m
)−1
=
 (Tm)11 . . . (Tm)1N. . . . . . . . .
(Tm)N 1 . . . (Tm)N N
 (C10)
The conductance of the corresponding channel m and the full conductance are, therefore, given by
Gm = G0 tr
(
t†mtm
)
, G =
∑
m∈Z
Gm, (C11)
where G0 ≡ e2/h is the conductance quantum.
Appendix D: Integrals for T-matrix calculation
In order to compute the overlap integrals we need to compute only the two following integrals:
1. I1(m,α, β,R) =
∫ R
0
rJm (αr) Jm (βr) dr,
2. I2(m,α, β,R) =
∫ R
0
r2Jm (αr) Jm−1 (βr) dr,
where α, β 6= 0. We start with the first integral that has a closed analytical form. Integrating by parts we get:
∫ R
0
rJm (αr) Jm (βr) dr =
{
R
α2−β2 [βJm (αR) Jm−1 (βR)− αJm (βR) Jm−1 (αR)] for α2 6= β2
(−1)2δ0,α−βm
{
R2
2
[
J2m (αR) + J
2
m+1 (αR)
]− mRα Jm (αR) Jm+1 (αR)} for α2 = β2
where δij stands for the Kronecker’s delta symbol. The second integral does not have an analytical form for the most
general case. So below we first restrict ourselves to cases where explicit analytical expressions can be derived. We
start with the case where α2 = β2:∫ R
0
r2Jm (αr) Jm−1 (βr) dr = (−1)2
δ0,α−β (m−1) R
2α2
×
×
{
αR
[
mJ2m (αr) + (m− 1)J2m+1 (αr)
]− 2m(m− 1)Jm (αr) Jm+1 (αr) for m > 0
αR
[
mJ2m−2 (αr) + (m− 1)J2m−1 (αr)
]− 2m(m− 1)Jm−2 (αr) Jm−1 (αr) for m < 0
12
Finally, in the case of α2 6= β2 we can write down a recursive relation expressing the integral at arbitrary m in terms
of two integrals at m = 1 and m = 0 that can be calculated exactly due to symmetries and properties of Bessel
functions:
I2(0, α, β,R) =
α
β
I2(1, α, β,R) +
R2
β
J0(αR)J0(βR)− 2
β
I1(0, α, β,R)
I2(1, α, β,R) = − 1
(α2 − β2)2
{
αRJ0(βR)
[
(α2 − β2)RJ0(αR)− 2αJ1(αR)
]
+ βRJ1(βR)
[
(α2 − β2)RJ1(αR) + 2αJ0(αR)
]}
And finally, the recursive equation for I2(m,α, β,R):
I2(m,α, β,R) =
=

2β
α
[
I2(m− 1, α, β,R) + α2β I2(m− 1, β, α,R)− R
2
β Jm−1(αR)Jm−1(βR)− m−3β I1(m− 1, α, β,R)
]
, m > 2
2α
β
[
I2(m+ 1, α, β,R) +
β
2αI2(m+ 1, β, α,R) +
R2
α Jm(αR)Jm(βR)− m+2α I1(m,α, β,R)
]
, m 6 0
Appendix E: Calculating matrix elements Umij
Below we calculate the matrix elements of the Hamiltonian in the scattering states:
Umij =
R∫
0
rdr
2pi∫
0
dφ Φ†im(r, φ)
[
−∆σzτ0 + v (pixσx + piyσy) τz − µσ0τ0
]
Φjm(r, φ). (E1)
Since the Hamiltonian is diagonal in the chirality subspace (i.e., if we chose Φ†im(r, φ) and Φjm(r, φ) to be of different
chiralities, then we would get zero), we can simplify it to:
Umij =
R∫
0
rdr
2pi∫
0
dφ
[
Φλim(r, φ)
]† [− µσ0 −∆σz + λv (pixσx + piyσy) ]Φλjm(r, φ). (E2)
The first two terms are constants, and therefore, we get:
R∫
0
rdr
2pi∫
0
dφ
[
Φλim(r, φ)
]† [− µσ0 −∆σz]Φλjm(r, φ) =
= 2piCλi C
λ
j
[
(−µ−∆)αiαj
γiγj
I1 (m− 1, αi, αj , R) + (−µ+ ∆)I1 (m,αi, αj , R)
]
, (E3)
where I1 (m,α, β,R) is defined in Appendix D, and αi, γi are given in the subsection where we calculated the scattering
states. We deal with the last term by rewriting it in polar coordinates:
− iλ~v
R∫
0
rdr
2pi∫
0
dφ
[
Φλim(r, φ)
]†( 0 e−iφ (∂r − ir∂φ + eB2~ r)
e+iφ
(
∂r +
i
r∂φ − eB2~ r
)
0
)
Φλjm(r, φ) =
− 2piiλ~vCλi Cλj
R∫
0
rdr
{[
ρλ+(p
i
∞, r)
]∗(
∂r +
m
r
+
eBr
2~
)
ρλ−(p
j
∞, r) +
[
ρλ−(p
i
∞, r)
]∗(
∂r − m− 1
r
− eBr
2~
)
ρλ+(p
j
∞, r)
}
=
− 2pi~vCλi Cλj
R∫
0
rdr
{
αj
[
αi
γi
Jm−1(αir)Jm−1(αjr) +
αj
γj
Jm(αir)Jm(αjr)
]
+
eBr
2~
[
αi
γi
Jm(αjr)Jm−1(αir) + id. i↔ j
]}
=
− 2pi~vCλi Cλj
{
αj
[
αi
γi
I1 (m− 1, αi, αj , R)+αj
γj
I1 (m,αi, αj , R)
]
+
eB
2~
[
αi
γi
I2 (m,αj , αi, R)+
αj
γj
I2 (m,αi, αj , R)
]}
(E4)
where I2 (m,α, β,R) is defined in Appendix D. Summing up Eqs. (E3) and (E4), we get the final result for U
m
ij .
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Appendix F: Current conservation proof
Below we prove that the expression for T-matrix in Eq. (C8) is current-conserving. We must, therefore, prove that
T † ·D · T = D ⇔
(
e−
i
~ U˜D
)†
De−
i
~ U˜D −D = 0.
First, we note that (
e−
i
~ U˜D
)†
= e(−
i
~ U˜D)
†
= e
i
~DU˜ .
Using the definition of the matrix exponential we have
e
i
~DU˜De−
i
~ U˜D −D = −D +
∑
k,n=0
1
k!n!
ik(−i)n
~k+n
(DU˜)kD(U˜D)n = −D +
∞∑
m=0
im
~mm!
m∑
k=0
(−1)m−kCkm(DU˜)kD(U˜D)m−k
The inner sum for m = 0 gives us D which is cancelled by −D outside of sums. It is easy to see that for m = 1 and
m = 2 the inner sum equals 0, therefore, we assume that the inner sum is always zero. We prove this by mathematical
induction. We assume that the statement is correct for m = N , and we prove that it implies that the statement is
also correct for m = N + 1 using the relation for binomial coefficients, namely CkN+1 = C
k
N + C
k−1
N .
Appendix G: Conductance as a function of the chemical potential
To demonstrate that the analytical approach to the problem yields qualitatively the same results as the numerical
simulations with the Kwant package, we present in Fig. 6 the conductance curves at different values of the magnetic
flux, penetrating the wire. Exactly as in the main text, here we add thermal broadening corresponding to T = 23 K.
Since the electron charge e and the reduced Planck constant ~ were set to unity in the analytical calculation, one
quantum of flux Φ0 ≡ h/e = 2pi~/e = 2pi corresponds to having B = Φ0/piR2 = 2/R2 = 2/202 = 1/200.
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Figure 6. Conductance G of a Weyl nanowire in the units of the conductance quantum G0 plotted as a function of the chemical
potential in the sample, at T = 23 K. Different colors correspond to different values of the magnetic flux penetrating the
wire. Left panel: numerical calculation with the Kwant package. Right panel: analytical calculation with the transfer matrix
approach. In the numerical simulations values of conductance are most of the time lower due to the fact that there is nonzero
scattering between the cones, whereas in the analytical model the cones are disconnected. In order to recover the correct
transport behavior in the analytical model, we set the conductance to zero by hand at those values of the chemical potential
that do not cross any bands in the sample. Note that such a treatment is necessary, since there is no scattering between the
cones intrinsically woven into the model.
